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of only· a few types of 'monomer units,. e.g. 2 or 3 types, 

combined together either in a random £ashion or in simple ' 

arrangements. The three main sorts of synthetic 

copolymer are outlined below:­

A) A random iopolymer 

B) 
.. , 

- M1 - M1 - ·- M1 - 1-12 - 1-1;. : - :t-11 - M1 - M1 - M1 - M2 -

A regular copolymer (e.g. an alternating copolymer) 

. . ' 

Further factor·s, such as the degree of branching · 

within the molecule and the ' composition differences between 

the· main chain and side chains, which govern the nature of 

a copolymer, pr.oduce two additional sub-diviaions :-

1. Linear block Copolymer: 

A linear polymer molecule with two or more uninter-

rupted sequences of hocopolymeric species, e.g. -

Grafted block copolymer: 
.,.. 

A branched polymer molecule a · backbone of one 

polymeric species attached to are one' or more 

side chains of another polymeric species, e.g. -

Ml 
I 

M2 
I 

J.f2 
I 

H2 

- J.ll - J.-11 - Ml - f.ll 
I 

M2 
I 

M2 

Further sub-division of tho main typos occurs if branching 

within the homopolymeric segments (possibly due to 

transfer or combination reactions, e.g. cross-linking) 

takes place, and also in cases where the 6egmento forming 

the 'blocks' aro copolymeric rather than 



The tacticity of monomer sequences can also be 

regarded as a factor for classification, e.g. "stereoblock" 

copolymers, poly ( {iso) styrene - g- ·{a) styrene) 

and in the case of polymers derived from diolefins ·the 

inclusion of cis and trans {z and E) nomenclature for the 

arrangement of the geometrical isomers must also be · · :' ~ 

considered. 

1. 2. - COPOLY?vtER NOJ.1ENCLATURE 

The · nomenclatu~e {1,2} used for the classification 

of' the copolymers outlined above, is exemplified in the · ·· 

.following list:-

Homopolymers 

p~lyethylene 

polystyrene · .,. 

· ·· --·poly {vinyl acetate) 

· Copnlvmers · 

:·· Random: 

... ~ .... . 

Alternating: 

Block: 

Graft: .... 

.. . 

poly {butadiene-co-styrene) 

Note: the first monomer of' tho 

pair is the predominant 

proportion of the 

copolymer composition • 

poly {styrene-alt-maleic anhydride) 

poly (&tyrene-b-methyl methacrylate} 

poly (othylene-g-acrylomitrile) 

Notes the first monomer of tho 

pair .forms the backbone ­

chain of the copolymer. 
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Comple~ examples: 

.. , 

poly (styrene-g-butadiene-co­

!ltyrene) 

poly (methyl methacrylate-b­

styrene-c~-butadiene) 

poly (butadiene-co-styrone-g­

styrene-co-butadiene) . 

e.g. The last copolymer listed above represents a random 

copolymer with a high proportion of styrene to 

butadiene grafted onto a rubber with a low proportion 

or s~yrene to butadiene. 
.""". ... 

, ~he prefixes_ (br) and (c.l) can be used to indicate 

branching and cross-linking respectively, and tacticity 

can bo accommodated using the pref.~xes (iso) - for 

isotacticity, (sy~dio) - fo~ syndiotacticity and (a) - for 

atactici~y. If the. prefix is placed before the "poly" 

it can be used to indicate that the feature is present in 

all segments, e.g. (c.l) poly (styrene-g-butadieno), 
.·. .-. 

poly (iso) styrene-b-(syndio styrene). 

1.). - TACTICITY OF POLY~~RS 

The tacticity of a polymer is a further possible 

variable in its structure which arises when a carbon atom 

of the backbone chain is attached to two dirfcrent side 

groups. The simplest case is vinyl polymers of tho form 

-(Cl~-cnd)- where alternate carbon atoms are chiral, i.e. 
n 

asymmetric centres, as they are attached to four different 

atoms or groups. Thus, at such a chiral centre, two 

possible configurations exiat (~), known as R, the right 



handed, and S, the lc~t handed, mirror images o~ each 

other. Polymers which contain a random arrangement o~ 

these two con~igurations are known as atactic polymers, 

whilst those with regular arrangements are tactic polymers. 

I~ there is a continuous repetition o~ the same type o~ 

con~iguration {e.g. R) the arrangement is known as 

isotactic, whilst alternation o~ the two types is called 

syndiotactic, as ' illustrated in Figure 1. 

SECTION 2 - HISTORICAL BACKGROUND 

Natural rubber and cellulose have been processed as 

commercial materials since the 19th century but it is 

only since the beginning o~ this century that the develop­

ment o~ most o~ the contemporary synthetic polymero has 

taken place. Several polymers which were merely 

laboratory curiosities be~ore 1930 found important 

applications during the 1939-1945. war and the demands o~ 

the war ef~ort intensi~ied their development as new 

materials. Styrene-butadiene rubbers, polystyrene, 

polyethylene, polymethylmethacrylate and polyvinylchloride 

were all introduced commercially as new synthetic materials 

. during the nineteen thirties and ~ortios. 

The earliest record o~ the material we know as 

polystyrene occurs around the 184o•s, when it was 

observed by Simon (4) and also Dlyth and 1Io~~man(5). 

By 1866 Berthelot (6) had discovered the technique of 

solution polymerisation and that the reaction was a~~ected 

by certain catalytic agents. However, much o~ tho early 



Figure 1 

H R 

·- . . . ,, 
· The two possible configurations at an an asymnetric 

carbon atom. .· 
R H R H H R R H H R H R R H ' .· ' . ,• ' •' . •' ' ... · ' ' ·.·· ' .. ·. ' ... · c· c' c' c c c c "/"./" /"'- /" /" / c c c c c c 

. / ' .. , / ·... / '•, ~" '•, / '•, / ' ... , 
~ .H ·H H · · H H H H H H . H H H 

. r 

-
. ' Atactic 

, ; 

H R H R H R H R H '. R H R H . R ' ,•' ' ,•' ' ,•' ' _,, . ' .·· ' .•' ' ,.· C · C · . C C · C . C C 

/.VVV,~(VV. 
/ ..... , / '•, / '•, / ...... / '•, / '-. / • .. , 

H H H H H H .H H H H H H H H 

'Isot~~ctic 
... 

R . H H R· R H H R R · H H R . .R H 
' ,·' ' ,~· . ' ,•' ' ,•' ' ,•' ' ,•' .. , ,•* c c c c c c c 

"/"/'\/"/"/"7 c c c c c c 
/ ·... • / '•, / ·~ - • / .... / .... / ·... '" I . 

H H H H H ' H H H H H H II 

, .. . - , 

. .. - -
Syndiotactic 

Illustrations of the arrangement of substituents in the 
various forms of tacticity. 

. . . . ' . . . 
.. 

. ..... dddddddd"' t'otoctic 

} "-I Ill I II t"' lsotacllc Tactic 

"'d' dl dldl"'' S~lldiotoctlc 

"'dddldlld"' Atactic 
. -- . 

The various stereoisomers can be illustrated in the mru1ner 
shown abo.,re with the confie;uro.tinns arbi trari1y · desi~nated 
right handed(d-) and .left hnnded(l-)(with no i~plication as 
to the direction of nny optical rotation). 

Rep.resentations of polyoer tactici.ty •. 
Dia~rams illustratinB polymer tncti~ity . 
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study of styrene polymerisation was contributed by . 
the e~rorts of Ostromislensky (7) between 1910 - 1920, 

and also the later work of Staudinger (8). Following 

the recognition of polystyrene as a useful synthetic 

material, the concentrated effort of many research 

workers led to its commercial production and the 

subsequent needs and demands of the 1939 - 1945 war 

accelerated its development into a very successful commercial 

product. 

Polyethylene was first observed by Pechmann (9) 

in 1898 and subsequently prepared by several methods (10) in 

the 1920's. It was not until the 1930's that commercial 

interest was attracted by the discovery, by ·Fawcett and 

Gibson (11), which involved a high pr~ssure reaction. 

Further research led to a patent ' on the process by Imperial 

Chemical In~ustries Limited (12) in 1937, and by 1942 

the Company had a full scale continuous plant in operation. 

The next important step forward was some twenty years 

later, in the development of low pressure synthesis processes. 

The ~irat of these syntheses for the low pressure 

polymerisation of ethylene was discovered by lC Ziegler (13) 

in 1954. This became the starting point from which many 

other~ofin polymerisation processes, using a catalyst 

precipitated by the reaction of transition metal ~alts 
. 

and metal nlkyls, were developed. It wao followed in 1955 

by tho discovery o~ an alternative method by the 

Phillips Petroleum Company (14) which employs a preformed 

transition metal oxide catalyst supported on silica. 
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These processes had an important di~~erence ~rom the 

high pressure technique, in that the polymer produced was 

essentially linear chain material, in contrast . to . that 

produced by ' the latter,' which was highly branched. An 

even more signi~icant reiuli is the abil{ty o~ ~uch 

catalysts to regulate ·the st~ra'.ochemistry · o~ higher · 

oe-ole~in polym'ers. A~t-er 'the Ziegler disc.overy, intensive 

investigations \'lere carried out by Natta on a wide range 

o~ monomers ine.luding propylene, styrene, 4-methylpentcne 

and but.:.l:.·one { 1.5). The use o~ this·· type o~ catalyst for 

steric control o~ propagation sequences enabled the 

synothesis o~ highly isotactic polymers {16), in par~icular 
• •(>. 

tho preparation o~ isotactic polypropylene both in the 

laboratory and on a commercial s~ale. This polymer, in 

contrast to its atactic counterpart, proved to be a use~ul . 

and saleable material. 

SECTION 3 - a- OLEFIN ADDITION ~OLY}~RISATIONS 

A vinyl monomer is a substance whose general_ formula 

is indicated below:-
': 

Rl R3 "c a C / 
·/ 
R2 ~ R4 

where the groups n1 - n4 are either hydrogen or a substituent. 

In ger.eral, very ~ew tetra~substi tuted monomers readily 

produce high polymers; however, fluorine atoms are 

exceptional, due to their small size, and materials such 
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as polytetra~luoroethylene and polychlorotri-

~luoroethylene are use~ul polymers. Quite a few 

compounds in which R1 = R2 = H with two substit­

uents are readily polymerisable and a ~ew of the 

type R1 = n3 = H are also easily polymerised. The 

b~lk of the compounds of this type which will form 

polymers are the monosubstituted ethylenes (R1 = · 
R2 • R) = H). 

The addition polymerisation of a typical ~-

unsaturated monomer may be represented simply in 

the following equation:-

•.-

Tho mechanism for the reaction is far more complex 

than this over-simpli~icd equation indicates, as there 

are several possible types of reaction in a vinyl 

polymerisation. Nevertheless, in general, all the 

types can be considered to have three basic mechanistic 

steps:-

(1) Initiation 



(2) 
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Propaeation 
n 

·x-cii2- cH * + 
R • R 

CH~·-CHR~X-CH2-CH-Cli2- CH* 

~ 
X-CH2 -cH-CII2-cH* +r(CH2=cHR) 

.. , : . . 
~ R 

. x-tcu2-cn1
0
- cn2~ CH* 

(3) Termination 
~ ~ x+cn2 -CJI1ocH2cH*·-·-

inactive polymer chain. 

,. . These three steps di££er in detail depending upon 

the ·class o£ initiation involved in · the reaction • . The 

initiator may be one o£ at least £our types, and 

determines the character o£ the active centre, 

Thess types are: 1) th~ free radical centre (17) 

2) the cationic centre (18} 

: ~) tho anionic centre (19) 

· 4) the ·co-ordination catalyst 

active centre (20). · 

In general terms, the role of the initiator is to · start the 

crol.,th of a particular chain by becoming part o£ it. 

Growth is 'then continued at an active site in which 

the initiator no longer plays a part. A catalytic 

centre is ~sually responsible for starting the gro,.,th 

o~ · many chains and may well participate in the addition 

of each monomer unit! ; i.e. the catalyst is literally 

the active site or an integra~ pnrt of it • 
• 

Most monomers are only readily polymerised by one 

or two of the catalyst/initiator types and normally 

' 
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tbi• will not bo with equal •ffa6tiveneee in · terme of the 

scale ot reaction and the molecular weight of the polymer. 

From a consideration of the sterio and electronic 

structure of the monomer it is often possible to 

estimate its susceptibility to each type ot_initiation. 

Generally, polymerisation is less likely for sterioally 

hindered vinyl or diane compounds and enhanced by the 

electronic effects of substituents which provide resonance 

stabilisation of the active centre, whether it is an ion or 

a radical. Table I shows the etteot ot the various 

initiators upon various vinyl monomere. Certain monomers 

may be polymerised by more than one technique if either the 

radical and one or both ot the ionic type active centres 

can be stabilised, e.g. styrene, iso-butylene and N-

vinylcarbazole. 

In addition to a consideration of the initiation 

step, it muet beremembered that for polymerisation to occur, 

the subsequent propagation step must occur much more 

readily than any termination process. There are character-

istic termination re~ctions for the four type5 of vinyl 

polymerisation initiation/propagation mechanisms. The free 

radical termination mechanism is either the bringing 

together of two radicals, which destroys the growing 

centres to give 'dead' polymer molecules, or merely a 

t~ansf~r of the active centre to some other molecule from the 

growing chain to give a 'dead' molecule {see Figure 2). 

When tho transfer of an active centro takes place, the 

radical centre may transfer to an atom of a monomer, solvent, 



TABLE I 

Susccptability of various monomers towardc initio.tor 
+ ,... . _Lc .. u-aaues. 

Monomer 

Ethylene 

Propylene 

Styrene 

Vinyl chloride 

Acrylonitrile 

Methacrylate 

Alkylvinylethe~ 

' : 

Vinyl Acetate 

!so butene 

a-methylstyrene 

Polymer 

-CH2-cH2-

-CH2-qH-
CH:3 

-CH2-Cif-

@ 
-CH2-CHC1-

-CH2-?E-
en 

-CH2-Gff­

t.ooCH; 
-CH2-9H­

OR 

J.!et~ylt'le thacryla te · 

Cyclobutene 

Initiator 
Radical Cationic 

Anionic 

. X 

X X X 

X 

· x X 

X X 

x · 

- ·· X 

X X 

X 

X X 

Ziegler­
lia.ttc. 

X 

X 

.· 

X 



Free Radical Termination Mechanisms 
A) Combination of two radicals . 

FiPjure 2 

R 
. . . I 

VVVVV' ... CHr CH · 
i . i i 

~cH2CH · --l•~ANCH2CH·CH-CH2~ 

.. • .. 

+ 

B); Disproportionation of two- radicals . · 

· C) Chain transfer. 

· R 
I 

~·CH2CH· · + R' SH 

R'S· + 

Continuing propagation.· 

I n addition to added transfer aeents in certain 
instances monomer , solvent and dead polymer chains 
may act as chain .transfer asents . 
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dead polymer chain, or an added transfer agent molecule. 

Although this reaction terminates an individual molecular 

chain, the kinetic chain growth may continue by reaction 

of this new radical with further monomer. 

The principal anionic termination reaction is the 

abstraction of a relatively acidic hydrogen. This results 

in the creation 6f a new anion but the overall process is 

a chain transfer only if this reinitiates further monomer 
., 

(See · Figure )) . In the absence ot impurities or built-in 

transfer and/or termination processes, the 'living' chain 

end of an anionic polymerisation has a remarkably long 

life-time, allowing tor further addition ot more or 
I 

different monomers with continuing propagation. 

The carbonium ion of a cationic mechanism cay be 

terminated in one of three ways, via an elimination or 

by reaction with an anion, or alternatively it may undergo 

a transfer step similar to ·that found in radical mechanisms. 

These reactions are illustrated in· Figure 4. 

For Ziegler (co-ordination) systems, the termination 

processes are lees well defined but individual chain growth 

may be terminated by one . of several postulated trnnsfer 

reactions of which Figure 5k) and 5B) are typical examples. 

The termination of the active centre, i.e. true kinetic 

termination, generally ari~oe from a reaction with an 

acidio compound {see Figure .5C)). 

As Table I illustra~ee, tho ranee of monomers . 
polymerised by these tour types of mechanism is so wide 

that it is difficult to adequately summarise the individual 



Fi rrnre ? 

. 
Anionic Termination Mechanism~. 

The pres~J1Ce of impurities in an anionic systcc such as 
alcohol molecules causes a termination .reaction. as . shown . . . . 
below for the polymerisation of formaldehyde,although 
subsequently reinitiation may occur • . 

Termination 

.. 
~cH;oe • ROH 

Reinitiation 

Under very vigorous reaction conditions the above 
termination reaction may occur as an in~ernal hydride 
eli~ination forming a vinyl end · gr-oup in a sim5.lar 
reaction to that shown for cationic polymerisation. 



Figure 4-

Cationic Ter~ination Mechanisms. 

A) Elimination 

B) Reaction \'li~h ·an anion 

~CH-CH-0-C-CF 
2 It 3 

C) Chain transfer 
(Normally to monomer ~ut may also be 

agents. E.g. dead polyme~ chains.) 
. CH

3 
. 

I 
~ ... CH2Ce 

0 

to other transfer 

CH3 
I 6Ha .., lvV\.N\I'v'ACHr C=Cf-12 

+ (CH 3) 3 c~ A e 



Figure 5 

Ziegler system Termination Mechanisms. 

- A) Intern.al hydride transfer. 

· R " 

I . . ~ . . 
Cat-CH-c~ct-1-CHR-CH-CH . ~I· . . 2. . . 2 . 3 

H I . . :·.. . -·, + 
.. 

' . 

Cat-H + 

B) Transfer to ~anomer. 

(Similar transfer may occur l<ri th ·metal alkyl, or . 
alkyl group or with added agents ·such as hydrogen) 

' " 

. ... . . '• 

+ CH2 =CHR 

Cat-CH2CH-R 

C) Termination by acidic species. 

Cat-CH2CHR~CH2CHR-ClirCHl + HX 
. ,. .- . 

~ 

( ' 
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' techniques by which these various active centres are 
.. 

generated and the typical conditions of the polymerisations. 

However, details of these aspects of the various systems 

may be found in tho literature as follows:-

Free Radical . Polyme~lsation; Bamfo~d ~ t ~ {17); - Catio~ic 

Polymerisation, Pl~sch {18); ' Anionic Polymerisation, 

Szwarc (19); Zie·gler systems, Reich · and Schindler (20). 
,• ., ,. 

. . . 
SECTION 4.1. - ZIEGLER CATALYST SYSTEMS 

Ethylene and most higher oc-olefins, which require 

high temperatures and pressures for free radical 

polymerisation, react readily at room temperature and 

pressure using Ziegler catalysts. These catalysts are 

typically obtained by mi~ing together a metal alkyl or 

aryl of Groups I - IV of the Periodic Table with a compound 

(generally tho halide) of a transition metal of Groups 

IV - VIII. Thus, there are numerous possible permutations 

of' catalyst and many have been cited in the literature, 

although in general the most useful combinations have been 
,. 

obtained from titanium or vanadium chlorides and aluminium 

trialkyls or dialkylchlorides. These catalysts normally 

produce polymer of a high molecular weight and with a linear, 

sterooregular structure which confers enhanced. crystalline 

properties over the material produced by a radical mechanism. 

Much of' the early development of' Ziegler catalysts was by 

research workers in.Europoan countries where several 

industrial plants now exist for the production of materials 

such as high density linear 9olyethylone, lsotactic poly" 

propylene, poly-4-methylpent-1-ene, polybut-1-ono and poly-
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butadienes • . The original discovery o~ this type o~ . 

catalyst is credited to K Ziegler and his research school 

at the Max Planck Institute, Mulhein. However, in earlier 

work, M Fischer (21) re~ers to ethylene polymerisation by 

a oatalyst . mixture o~ a similar nature (aluminium, aluminium 

chloride, and titanium tetrachloride) an~ several British 

and us .. patents which stem ~rom the investigations in 1949 

of Roedel (22), ~ease~~ of the . Du Pont Company also 

cite combinations o~ this type. Likewise, Herman and 

Nelson (23) - report a styrene polymerisation in 1953. using 

a catalyst which would now be . considered as a Ziegler system. 

In the middle nineteen- fifties, after the Ziegler discovery, 

intensive work was carried out concurrently .by .. K Ziettler 

and G .Natta, the latter concentrating on the polymerisation 

o~ higher oc-ole~ins (24), especially with respect to the 

preparation o~ stereoregular polymers (25). The extensive 

research carried out by these .workers was recogni:Jed ,. in 

1963 with the award of the Nobel Prize in Chemistry jointly 

to . K Ziegler and G Natta. Their - accounts of the development 

of the work can be round in · their Nobel addresses (26, 27}. 

A Ziegler cntalyst is usually formed by bringing 

together in an inert . atmosphere, a transition metal 

compound in which the transition metal is in a valency 

state below--its normal maximum (e.g. titanium (111), 

chloride, vanadium (111) chloride) and an organowetallic 

compound (e.g. aluminium triethyl, aluminium diethyl 

chloride). The former is ienerally though to bo a •true• 

catalytic compound. The technique o~ reduction is 
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extremely important, often being the 'most important single 

factor in deciding the activity of the catalyst. The latter 

acts principally as an activator, alkylating the catalytic 

surface, and also as a scavenger for minor traces of 

any catalyst poisons. 

In conventional Ziegler polymerisations, a slurry of 

titanium (111) chloride is preformed by reduction using an 

aluminium trialkyl or alumini~m dialkyl halide ~sually 

R=ethyl) in a dry, oxygen-free inert hydrocarbon solvent 

{e.g. heptane, iso-octane) under a nitrogen atmosphere. 

Tho catalyst efficiency varies with the nature and the 

crystal structure of the catalyst particles and therefore 

particular care is necessary over the reduction conditions, 

and so elaborate techniques have often been developed to 

0 achieve optimum results. When carried out below 70 C 

such reduction produces the ~ - crystal modification of 

titanium (111) chloride (28, 29) which, although a very 

activo ~-olefin polymerisation catalyst, has the poorest 
' 

storeoregulating properties of the four known modifications. 

This p-form of titanium (111) chloride has, also, a crystal 

structure considerably different from the three other forms, 

consisting of threads of linear macromolecules of titanium 

tri-chloride, shown pictorially in Figure 6. . . 
Enl1aneed isotactic stereospecificity, especially for 

propylene, may be conferred on such a catalyst by a heat 

treatment cycle, heating the catalyst above 150°C (28, 30, 

31), which converts it to the 1- modification. A further 

alternative crystalline modification is oc-titanium (111) 

chloride , which is also capablo of this hicher decree of 



Figure 6 

Qct 
0 Ti 

Structural model of the a-modification of T1Cl3·• 
The X-ray spectrum can be ~nterpreted on the basis 
of a layer lattice, which can originate from the 
hexagonal close-packing of the chlorine atoms, in 
which the titaniwu atoms are arranged in layers, 
placed at every second layer of· tbe cr.lorine atoms. 
The elementary unit cell of ihis.modifisation has 
oonstants . of : a~b=6.12A,c=l7.50A,Y=l20 • 

(lA=lo-10m.) 

Tho crystal structures of the various modifications 
of titanium (III) chloride. 



Figure 6 

Qct. 
0 Ti 

Structural ~odel of the P-modification of TiC13• 
The X-ray spectrum can be interpreted on the basis 
of ·a hexagonal close-packing of the chlorine atoms 
,in which the TiC13 molecules are gathered in rows 
that are parallel to the three-fold axis.The 
coordination of the halogen atoms around the 
titanium is still octahedral,but the way in which 
the titanium atoms are arranged among t-hemselves 
is completely different.The spectrum yields ao 
hexagonal unit cell,having constants : a;6.27A ; 
C;5.82A. 

The crystal structures of the various modifications 
of titanium (III) chloride. 



Figure 6 

. . 

Loyer A 

•. 

Loyer B 

u . - . 
layer C 

- ., 

Distribution of the titanium atoms(small balls);and 
of the chlorine atoms in consecutive structurgl 
layers of the unit cell of Y-TiC13• 
From the X-ray powder spectrum,the hexagonal unit 

cell ha~ the following constants: n=b=6.14A; c=17.40A 
; Y=l20 ,and contains six monomeric units TiC13• 

: . ! ... . 

. ·. . \ 

Unit cell of Y-TiCl.,..The layers,ns shewn above,repeut 
nlong the c-axis,thus determining a cubic clo~e packing 
of the chlorine otom~. 
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stereoregulation. This latter variet¥ results from the 

reduction of titanium (IV) chloride with hydrogen or 

aluminium at high temperatures (~2, ~~) • . Finally, a 

third form with similar properties is the b- form, which 

can -be -obtained by pro~ongcd grinding of either oc- or . 

~- f'orms ( ~4). All . these three forms, oc.~, '¥ - and b­

titanium (III) chloride are purple in colour, whereas the 

~- f'o~m has a brown . colour. These .. forms of' titanium (III) 

chloride, which are formed by reduction of titanium (IV) 

chloride with an . aluminium alky~ ·. reducing · agent, are 

normally found to be a solid solution of' aluminium 

chloride (~5). This is supported ·by observations (~4) .. 

that samples of varying aluminium content· have essentially 

undetectable dif'f'erences in X-ray spectral intensities 

and that no indications of a ~uperstructure can be found • 

. The oc-, 1- and b- forms of' . ti ~anium (III) chloride 

all have a :.similar crystal structure. In the oc~ .f'orm 

it is a cadmium iodide : type struotu.re consisting of' 

hexagonally close packed chloride ions with titanium atoms 

distributed in the interstitial ~paces between alternate 

layers of chloride ions {see Figure 6). Similar .layer 

structures can be .. f'ound . in the other two modifications,~­

titanium (III) chloride diff'ers !'rom the oc- f'orm only in 

that the chloride ions are in a cubic close packed array. 

The b- form has a . less ordered layer structure, -with a 

degree of alternation between the cubic and hexagonal 

packin~. This may be observed in tho X-ray powder spectrum 

which indicates an essentially disordered structure (~4) · 
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although some characteristics of the te- and "{- layer 

structures may be found. The similarity of the crystal 

structure of the oc-, ~- and forms is reflected in 

the results obtained when each is used as a component of 

a Ziegler catalyst. Although each of them exhibits greater 

stereospecificity than the p- form, it appears to be 
. 

achieved at the expense of the rate· of polymerisation. 

All the four types of structure found in titanium (III) 

chloride contain octahedrally co-ordinated titanium ions 

and similar layer lattice structures containing octahedrally 

co-ordinated metal atoms arc found in titanium (II) chloride 

(J6), and also vandaium and chromium trichlorides, all of 

which are active Ziegler catalysts. In contrast, inactive 

compounds such as titanium (IV) cnloride and titanium (IV) 

alkoxides contain tetrahedrally co-ordinated titanium 

ions. Thus, for stereospecific polymerisation, the presence 

of this octahedral configuration in a Ziegler catalyst may 

be regarded as being of as great ~mportance as any specific 

valency state. 

In a polymerisation reaction, the titanium catalyst 

is used in conjunction with a cocatalyst, normally either 

aluminium trialkyl or dialkyl-chloride. The reaction is 

generally carried out in diluent medium (a hydro-carbon, 

e.g. heptane, iso-octanc) and the product forms as a solution 

or a particulate slurry. Figure 7, a typical application of 

a Ziegler catalyst .system, illustrates schematically the 

steps involved in the industrial polymerisation of ethylene 

by a slurry process. This particular reaction is generally 
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carried out · at 0.1 - 1.0 MNm-2 (1-10 atmospheres) using 

a catalyst suspended in a monomer solvent chosen to be a 

poor solvent ~or the polymer, which thus forms as a solid 

on - the catalyst particles, producing a slurry of the 

0 material. The reaction temperature, usually less than 100 C, 

( ~ -50-80°C), ensures that polymer solu~ility remains.low 

and in industri~l- situations the excess solvent and monomer 

may be recovered and re-cycled. Before work-up, if the 

product · contains · a high proportion of catalyst, it may be 

necessary to deactivate it by treatment with alcohol or 

water. In such ases, it may also be necessary to wash out 

catalyst residues (de-ash) with acid and water . or by steam 

stripping, before proceeding with drying • 

. ' 

SECTION 4.2. - THE HECHANISH OF ZIEGLER CATALYSTS 

Nany aspects of the mechanism of Ziegler catalysts 

· bavo been described as a 're3ult of recent investigations. 

However, the mechanis·m of the.se immensely c'omplicated ·· 

systems, is still not conclusively and fully explained. 

Two major groups of theories exist, those employing a 

bimetallic and 'those omploying a monometallic mechanism.··' 

In the bimetallic mechanisms, the presence or· two metals 

in tho catalyst .combination is considered to bo essential. 

In 'the monometallic mechanisms • 'however, only one metal 

atom (tho ·transition met~l) is necessary for polymerisntion. 

In the case o~ bimetallic mechanis~s, the propagation step 

em~loys two metal atoms which may be the same ~r di~~erent 

elements, whereas a monometallic mechanism involves growth 

about only one metal c6ntre. 
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One o£ the early mechanisms proposed by Natta ('7) 

in 1960, is a cogent example of' .. the . bimetallic mechanism ... ' ~ . 

which provides a simple explanation for the creation of 

isotactic polymers and is outlined in Figure 8. ,. More 

recently, this type of mechanism has lost favour, 

as ~~ater evidence has not apparently supported . it (~8) • . , 
An1increasing amount of the recent evidence and opinion 

./ 

' has favoured the monometallic. theories. This type of 

' mechanism was proposed as early as 1956 by Nenitzescu 

.(J9) and found support from the later experimental 

evidence of Carol and Carrick (40). A more elaborate 

model including .a description of the olefin co"ordination 

using molecular orbital · treatment was developed by 
,. 

Cossce (41) in 1962) and this etill f'orms the backbone 

of' many current proposals. 

The active site in · the monometallic mechanisms is 

the transition metal atom (e.g • . Ti) and a second metal 

atom (e.g. Al) is not directly involved. In such cases, 

an active catalyst species (e.g. Ti-Et) is formed 

by the alkylation of the reduced metal compound (e.g. 

titanium ( 111) chlorid.e) by the second catalyst. ·Component 
. 

(e.g. aluminium triethyl). This type of mechanism is 

supported by the experimental evidence of several 

important po1ymerisation parameters (e.g. copolymerisation 

reactivity (40), propagation rate constants (42) in 

presence and absence of motal alkyls) which can be related 

only to the properties of' the transition metal and not to 

those of tho other metal present. 
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The active centre proposed in the Cossee (41, 43) 

model essentially consists of an octabedr~lly co-ordinated 

transition element, with empty or nearly empty t 2g 

orbitals, which has in its co-ordination sphere one 

alkyl group positioned cis to one vacant position 

through a p~ - d~ (dihapto) bond. The mechanism 

shown in Figure 4 will thereby be facilitated as this 

co-ordination step also appears to weaken the transition 

metal - carbon bond to the alkyl. The mechanism supposes 

that the active centre is formed due to the interaction 

of a chlorine vacancy on the t~tanium (III) chloride 

surface ld th an alkyl aluminium. Such vacancies l.rere 

proposed by Arlman to exist on the crystal edges to ensure 

its electro-neutrality. The result ·or this reaction is 

the replacement of one of tho chlorine atoms on a Ti centre 

by an alkyl group ~nd the retention of a ligand vacancy 

(see Figure 9). This generates the active centre, providing 

a Ti-C ~-bond and the facility for monomer co-ordination 

to tho Ti. Propagation is due to the adsorption of a 

monomer unit, which forms ~ Ti bond to the Ti c entre and is 

subsequently inserted into the Ti-C bond via a four membered 

rinz transition state {see Figure 9). The overall thermo-

dynamic drive for a vinyl polymerisation arises from the 

2 
relief of strain in going from the unsaturated sp hybrid C-

atom configuration, to the saturated sp3 form, but this process 

is an ·activated ona and the activation barrier has to Le 

reduced by a catalyst. Cosoee postulates that, as a 

result of the availability of the d-orbitals, the alkyl 
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.D). A schematic picture showing the spatial arrangement 
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group migrates, using a combination of p and d orbitals 

all along its reaction path, which alfows it to remain 
. . ' 

relatively strong bonded to the active centre and 

gives the reaction a· low activation energy (se'e 4-membered 

ring transition state, Figure 9). This he describes in 

terms of a molecular orbital diagr.am (see Figure 9)". 

:In the ' uncomplexed condition, the energy 6 E must be 

obtained to weaken the Ti-C bond (i.e. transfer an 

electron from the bonding ~rbital into the metal J d orbitals) 

and as catalysts may be stored for long periods without 

decomposition, ~E is large ·. enough to maintain· the 

bond intact in the absence of olefin. However, '~hen an 

olefin is co-ordinated to the complex, a new energy lev~l 
. ' . 

d(y~) is formed ·by· mixing metal d orbitals and ethylene 

antibonding orbitals ("back donation"). This new level is 
. . . ' 

lower than that of tho original metal J d orbitals and tho 

A I · energy·, ~E, required to.' excite an electron is less than 

· ~E, therefore more readily obtained~ This lowering of the 

energy gap makes the Ti-C bond more susceptible to homolysis. 

it should be noted that in the mechanism proposed by 

Cossoe the growing chain and the vacant position change 

place during propagation, which would give rise to a 

syndiotactic polymer. · :In order to account for isotactic 

polymerisation, Cosseo proposed that the alkyl croup returned 

to it~ ·original position before a further monomer unit 

was comploxed. It ~as considered that such an ~lkyl shift 

,.,ould be aided by the presence of .tbo d (yz) orbital, similarly 

to its migration in the propagation ~top. 

\ 
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Subsequent developments of the Cossee mechanism have 
• 

q~ostioned the occurrence of the complexation step and tho 

final migration back step of the vacant position. Boor has 

put forward a concept (44) originating 1-1ith Tennett, tha.t 

tho mechanism is a ..£!!!_-four-centre addition 1-1i thout prior 

co-ordination. They suggest co-ordination would increase activ-· 

ation energy as the ground state is more stabilised than the 

transition state~ so that a complex formation would lower 

the rate of insertion. The Boor model postulates a highly 

polarisable metal-carbon bond, and the driving force of the 

mechanism is transfer of an electron around the four centre 

system (see Figure 10). This achieves a thermodynamically 

favourable conversion of the unsaturated C=c· bond into a 

saturated one 1'lhilst retaining the metal-carbon e'"' -bond. 

In place of the Cossee complexation step, this mechanism 

only requires the approach of the olefin to the active centre 

and the lengthening of the M-C bond by polarisation 

resulting in a direct insertion of the olefin into that bond. 

The advantage of this model is .that the position of the 

ligands around the Ti centre remains the san1c, which 

eliminates the requirement for the final vacant position 

migration step of the Cossee mechanism in order to achieve 

isotacticity. This model also has the advantage of 

accommodating a number of catalysts with d
4 

and dS electronic 

systems which have been found to polymerise ethylene nnd 

propylene, and 11hich violate tlJC d0 and o3 roquirer.1cnts of tho 

original Cossee model. 
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Recent proposals by Buls and Higgins (4~) modify 

the Cossee mechanism by considering that the process is 

not a surface phenomenon but that the whole Ti content of 

the activated catalyst is actively involved. Usinc tl~eir 

experimental data froc the TiCiJ/AlEt2 Cl system, they 

conclude the basic structure in the unactivated catalyst 

is a Ti8 Cl24 molecule containing A12 c16 present in 

solid solution. They postulate that the eight Ti atoms 

are arranged in a .planar ·p-xyiene like skeleton (sec 
<· 

~igure 10), giving an overall structure with regularly 

spaced cavities into which monomer and alkyl may diffuse. 

Tho cocatalyst addition causes alkylation of the exposed 

titanium atoms producing active centres each with two 

vacant ligand positions but otherwise similar to those 

proposed by Cossee. The configuration of these vacancies 

within the alkylated T18 c124 unit is such that they are 

roirror images of each other and a co-ordination/insertion · 

process as already outlined by Cossee, results in 

isotacticity. Although the mechanism provides a plausible 

explanation in tho context of tho studied system, it is 

difficult to accept generally as it appears contrary to much 

photographic evidence supporting crystal edge and defect 

polymer grOl'lth. 

Theoretical investigations have attempted to describe 

in greater detail tho tentative orbital sequences proposed 

for the active titanium site. The essentially qualitative 

scheme constructed by Cossee baa boon recently discussed 

quan~itatively in .terms of the eloct~onic structures and 
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energy levels o£ the intermediate complexes by Armstrong, 

Perkins · and ·' Steward · ( 46). They do · not £ind it necessary to 

postulate that a · vacancy ·exists ori the titanium at some 

point but rather that the complex in which an alkyl group 

lies between two octahedral sites has ' the lower enorgy and 

a mechanism in which an incoming ethylene displaces this 

on co-ordination is shown to .be possible. 

SECTION 4.1. - HAGNESIUH REDUCED CATALYSTS 

The Ziegler catalyst used in the present work is a 

pre£orm~d titanium (111) chloride.prepared by alkyl 

magnesium reduction and activated using an aluminium 

trialkyl. The technique for preparing the catalyst was 

originally developed by Shell Research Company Limited 

(47,48) but the modified technique (49,49A) adopted in our 

earlier ethylene polymerisa tions ltas used throughout the 

present work. This system has also been found to be active 

in the polymerisation of propylene {50) and investigations 

into its use with this monomer are currently being carried 

out. · Duck, .,!! !;.!, (51) have also investigated a similar 

Ziegler catalyst £or the polymerisation of ethylene and 

propylene. In their case the titanium (111) chloride was 

prepared by the reduction of titanium IV chloride with a 

macnesium alkyl chloride carried out by ball milling in the 

presence or absence o£ a support. 

A · i.i~.&.·co c.omponent system, titanium 'IV chloride, an 

aluminium alh."Yl and diphenylmagneaium has boon studied by 
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Radenkov ~ ~ (52). In this system, tho highest yields 

were obtained when the diphenyl magnesium was added as the 

~inal catalyst component. At atmospheric pressure, the 

polymerisation o~ ethylene proceeded at a constant rate 

o~ ' - 250 g c2n4/ g TiC14/min f'or a long period • when 

carried out at 6 Kg/cm2 pressure very high rates were 

produc'ed ·but the.se died '·rapidly a~ter a £ew minutes, then 

tended ' towards zero rate • '. 

. ' 

---ooo--~ 

. ' 



CHAPTER 2 

GRAFTED BLOCK COPOLYHER EXPERIHENTS 

SECTION 1 - INTRODUCTION 

Previous work using a magnesium reduced catalyst · f'or 

the polymeria a tion of''· ethylene. ( 48,49) demonstrated that 

it was extremely active, capable of' producing in excess of' 

f'i:fty kilogrammes of' p~lymer per ·gra·mrr,e of' TiC13 • . It was . 

therefore propos·ed to use this ca talys't ·' to prepare graft co-

polymer materials by the synthesis of' suitable polymeric 

cocatalyste f'or use in the subsequent Ziegler catalysed 

ole :fin polymerisation. There is currently e.vidence ( 43, 

53.54) to show that an alkyl group present in the organo­

metallic compound used as a co'catalyst in a Ziegler system 

is normally incorporated as the :first unit o:f the growing 

polymer chain. I£ this alkyl group can be replaced by a 

polymer chain whilst still retaining the initiating 

properties of' the compound, the technique may be used as 

a general synthetic route to block copolymers. 

1.1. - TimORETICAL CONSID~RATIONS· 

A general scheme :for the ·preparation o:f an active 

Ziegler catalyst using titanium trichloride and its use :for 

an olef'in polymerisation is shown in Figure 11. In order to 

produce copolymers by such a system it was necessary to 

introduce segments of' another macromolecular species into 

the scheme. This appears possible at tl-ro points' · 

A) At the catalyst activation stage; by substitution of' a 

P.re:formed macromolecular chain. P into the metal alkyl 
• 

cocato.lyst HBRN to produce a species ~iDRN_ 1P. Theoretically 

thia would yield polimers with R and with P end groups 
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M8 Ru · + Ti Cl3 . 

I (where M8 RH can be AI(C2 H5) 31 

+ AI Et2CI ,Zn Et2,Li B~) 
•Active Ziegler Catalyst'' . 

· •R'CH=CI-t2 

Propa~ales growlng polymer c)jain. 

.. -~ 

RR'CH~ CH2-Cat 

.+R'Ctf~~CH2 prooL ces 

R R' CH- CH2-R"CH -CH2-Cat 

•R111 CfH CH 
repeat~·d many t~mes. 

Olefinic Polymer. 

_. RR
1 CB-~H2{RCH-C~2 Jn 

A general scheme · ror the preparation of active Zieslar_ 
catalysts using titanilz~:_t~ic~loride .. 
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{e.g. homopolymer o~ the ~orm: 

as in the Figure 11 scheme and also copolymer o~ the ~orm: 

D) At the chain propagation stage by the substitution o~ 

alternative oc-ole£ins. This may be accomplished by 

either o~ two techniques: 

i) Firstly the~-ole~in may be more than one type o~ 

monomer, this can be achieved by using mixed monomer 

f'eeds producing random copolymers or. by sequential 

f'eeding o~ alternate monomers which is said to produce 

a more 'blocky' type of' arrangement within the 

copolymer. (e.g. As f'or Figure11 but where nl!, Rll 

giving copolymers of' the types: 

a) -RIIcH-CH2-RICH-~H2-R/ICH-CH2-RIIcH-CH2-n11cii-CH2-RI 
I CII-CH2-R CH-CH2-

Random copolynaers. 

I I b) -R CH-CH2-R CH-CII2 •••••• 

CH-CH -nl I CH-'CH 
2 2 •••••• 

Dlock copolymer. 

Doth these particula~ schemes have already been well 

studied £or various catalyst systems. The ~ormer 

technique llcs ~ound a limited commercial application 

as a method for the mod~~ication of tho physical 




























































































































































































































































































































































